ABSTRACT Controlling molecular properties through photoirradiation holds great promise for its potential for noninvasive and selective manipulation of matter. Photochromism has been observed for several different molecules, including green fluorescent proteins, and recently the discovery of a novel photoswitchable green fluorescent protein called Dronpa was reported. Dronpa displays reversible and highly efficient on/off photoswitching of its fluorescence emission, and reversible switching of immobilized single molecules of Dronpa with response times faster than 20 ms was demonstrated. In this Letter, we expand these observations to freely diffusing molecules by using fluorescence correlation spectroscopy with simultaneous excitation at 488 and 405 nm. By varying the intensity of irradiation at 405 nm, we demonstrate the reversible photoswitching of Dronpa under these conditions, and from the obtained autocorrelation functions we conclude that this photoswitching can occur within tens of microseconds.
have rapidly become essential tools for the visualization and study of complex problems in biochemistry and biophysics. Keys for this success are the protein's bright fluorescence and its ability to synthesize its chromophore autocatalytically after expression. Because of its widespread applicability, a broad range of fluorescent proteins has become commercially available.
Photochromism or photoswitching refers to the ability to manipulate molecular properties using only irradition with light of an appropriate wavelength. Manipulating matter in this way is highly promising because of its potential for minimally invasive and ''at a distance'' manipulation, and as a result photochromism has been extensively investigated, notably by the group of Irie (1, 2) as well as others (3) (4) (5) .
Recently the discovery of a new GFP called Dronpa was reported (6) . In addition to its bright green fluorescence, Dronpa exhibits fast photoswitching between a bright and a dark state, allowing for the reversible on/off switching of the fluorescence emission. This photoswitching has been studied by our group at both the ensemble and single-molecule level, and a complex photophysical picture involving several different states has emerged (7) .
The absorption spectra of Dronpa before and after irradiation at 488 nm as well as the emission spectrum before irradiation are shown in Fig. 1 . A detailed photophysical scheme can be found in our previous study, but for simplicity one can consider Dronpa to exist in two different interconvertible and stable states, one of which is brightly fluorescent (absorption band centered at 503 nm, with a molar absorptivity of ;95,000 L/mol cm and a fluorescence quantum yield of 0.85), and one of which is essentially nonfluorescent (absorption band at 390 nm, e ¼ 22,000 L/mol cm and f fl , 0.02). Note that a pH-induced nonfluorescent form also exists, but this form is not interconvertible with the lightinduced dim form, and at pH 7.4 only a small fraction of the total amount of Dronpa is present in this form. Therefore this pH-induced dim form will not be further considered in this Letter. The bright form, which we will denote B, can be converted to the dim form by irradiation in its corresponding absorption band (quantum yield of switching f BA sw ¼ 3.2 3 10 ÿ4 ), whereas the dim form, which we will denote as A, can likewise be converted to the bright form by irradiation in its absorption band (f AB sw ¼ 0.37). If left in the dark, a photoconverted sample of Dronpa at pH 7.4 will slowly regain its original brightness over the course of days.
In our previous study, we have demonstrated the ability to reversibly photoswitch single Dronpa molecules. Singlemolecule studies offer the advantage of observing dynamics that are ordinarily obscured in the ensemble picture. However, in this study we have been limited by the requirement to immobilize the molecules in a polyvinyl alcohol matrix, which may not be representative of the protein's native intracellular environment.
Fluorescence correlation spectroscopy (FCS) relies on analyzing the temporal fluctuations in a measured fluorescence signal, where only fluorescence originating within a restricted part of the sample volume is collected (8) . Individual molecules are allowed to freely diffuse into and out of this restricted volume, bypassing the need for immobilization, so that the fluorescence intensity fluctuations are caused by diffusion and on/off ''blinking'' processes of the fluorescent molecules under study. Thus, analysis of these fluctuations can reveal information about both diffusion and blinking processes (9) .
If a sample of Dronpa is simultaneously irradiated at the absorption band of the B form and at the absorption band of the A form, then the reversible on/off switching of the fluorescence constitutes a blinking process, with transition rates depending on the excitation intensities. This process can thus be studied using FCS. Indeed, this technique has been applied to study the photophysics of the E222Q GFP mutant (10,11). Like Dronpa, the chromophore of this mutant can be photoconverted to a dim state and subsequently recovered by irradiation at a shorter wavelength. However, the associated dim state is not thermally stable with a lifetime of significantly less than 1 s, limiting the use of E222Q as a photoswitch.
The used experimental setup has been described in detail elsewhere (7) . For the FCS measurements, continuous wave 488 nm light was provided by an Ar:Kr laser (Stabilite 2018RM, Spectra-Physics, Irvine, CA) and continuous wave 405 nm light was provided by a diode laser (Compass 405, Coherent, Santa Clara, CA). Samples of Dronpa were diluted to ;10 ÿ8 M using phosphate-buffered saline solution (10 mM KH 2 PO 4 /10 mM K 2 HPO 4 /138 mM NaCl/2.7mM KCl, pH 7.4). Calculation of the experimental correlation curve was done using a hardware correlator (ALV 5000/EPP, ALV-Laser, Langen, Germany). Fig. 2 shows the observed fluorescence intensity as a function of the irradiation intensity at 405 nm for different intensities of 488 nm excitation. As is clear from the absorption spectra in Fig. 1 , the bright B form does not have a significant absorption at 405 nm, and additionally the dim A form is nearly nonfluorescent. Furthermore, appropriate optical filters were selected to separate the fluorescence from both the 405 and 488 nm excitation light. It follows that the observed fluorescence photons originate from Dronpa molecules in the bright B form, and that the fluorescence intensity at constant 488 nm irradiation is an indication of the relative population of the B form of the protein.
When a fresh sample is exposed to 488 nm irradiation in the absence of 405 nm light, the relatively high initial count rates decrease rapidly to very low values (data not shown). This is consistent with photoswitching of the bright form of Dronpa to the dim form and the very slow spontaneous recovery of the bright form. Then, when comparatively very low intensity 405 nm irradiation is applied, a dramatic increase in fluorescence intensity is observed, leading up to a maximum in emission at a few kW/cm 2 of 405 nm irradiation (Fig. 2) . Thus even very low intensities of 405 nm light rapidly induce the switching of the dim form to the bright form, causing these molecules to emit additional fluorescence photons. The fact that only very low intensities are required is reasonable in view of the high quantum yield of switching from the dim to the bright form. The maximum in fluorescence intensity likely corresponds to a saturation of the A to B transition: at this intensity the onset of the transition from the dim to the bright form is near-instantaneous. Interestingly, from this data it is possible to infer the optimal conditions for maximum brightness for imaging experiments using Dronpa.
However, when the intensity of the 405 nm irradiation is further increased, the fluorescence intensity is seen to decrease. This decrease is not solely related to photobleaching of the molecules, as a subsequent decrease in the level of 405 nm irradiation will once more induce an increase in count rate. Thus, at higher irradiation intensities, an increased exposure to 405 nm light causes a decrease in the population of the bright form.
Our current photophysical scheme (6,7) acknowledges the presence of at least one intermediate state in the conversion pathway from the dim to the bright state. It is possible that one or more of these intermediates can absorb 405 nm light, possibly leading to a temporal ''trapping'' of the chromophore in this intermediate state(s) and causing a bottleneck in the reverse photoswitching process, or even inducing some of these intermediate states to switch back to the dim form altogether.
For the analysis of the obtained autocorrelation functions (ACF), we assume that Dronpa can be modeled as a fourlevel system on the timescale of the diffusion time. We consider the ground state of the chromophore (state 1), the excited state (state 2), an additional dark state (e.g., triplet formation, state 3), and the photoswitched state (state 4). The transition rate constants between state i and state j are then denoted as k ij ; e.g., k 41 is the light-induced transition from the dark to the bright state. It has been shown (11) that the ACF for this system is given by
This model function was used to fit the measured data. The sum of the amplitudes C 1 and C 2 can be shown to be equal to
In this equation, k 23 and k 24 are modified to include the spontaneous emission rate k 21 . According to this expression, an increase in the rate constant of reverse switching k 41 , induced by the 405 nm irradiation, should lead to a marked decrease in sum of the amplitudes of the measured ACF. As is clear from Fig. 3 , this can indeed be observed. Furthermore, a very pronounced ;10-fold increase in fluorescent particles as the intensity of the 405 nm irradiation is increased to a few kW/cm 2 can be deduced from the correlation analysis (data not shown).
Our data thus demonstrate the possibility of observing the Dronpa photoswitching using FCS in combination with twocolor excitation. Furthermore, the very high efficiency of the switching is confirmed: although a detailed analysis of the measured ACF is currently under way and is beyond the scope of this Letter, the rate of switching from the bright to the dark state can be estimated using the expected excitation rate and the quantum yield of switching (7) . For the data presented in Fig. 3 , an estimated survival time of a few tens of microseconds is obtained for the bright state. Furthermore, Fig. 2 demonstrates the possibility of shifting the equilibrium of the photoswitching completely to the bright state, demonstrating that the transition from the dark to the bright state can be made to occur even faster. Thus the photoswitching cycle of a single molecule must be within tens of microseconds, a finding that is confirmed in the FCS data. This limit is three orders of magnitude faster compared to our previously published results, and compares very favorably to the response times published for other photochromic molecules that possess a thermally stable dark state.
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